ABSTRACT The extracellular lysine residues in the human erythrocyte anion transport protein (band 3) have been investigated using chemical modification with the impermeant homobifunctional active ester bis(sulfosuccinimidyl)-suberate (BSSS) . This agent forms covalent intra-and intermolecular crosslinks in human band 3 in intact cells (Staros and Kakkad . 1983 . J . Membr. Biol. 74 :247). We have found that the intermolecular cross-link has no detectable effect on the anion transport function of band 3 . The intramolecular cross-link, however, causes major changes in the characteristics of the anion transport. These functional alterations are caused by the modification of lysine residues at the stilbene disulfonate binding site . BSSS pretreatment at pH 7.4 irreversibly inhibits Cl-Br exchange by at least 90% when the transport is assayed at extracellular pH above 8. In the same BSSS-pretreated cells, however, the CIBr exchange rate is activated by lowering the pH of the flux medium (intracellular pH fixed at 7). The flux is maximal at pH 5-6; a further lowering of the extracellular pH inhibits the anion exchange . This acid-activated Cl-Br exchange in the BSSS-treated cells is mediated by band 3, as indicated by phenylglyoxal and phloretin inhibition of the flux . Thus, the BSSS pretreatment has little effect on the maximal Cl-Br exchange flux catalyzed by band 3, but it shifts the alkaline branch of its extracellular pH dependence by^-5 pH units. BSSS also eliminates the self-inhibition of Cl-halide exchange by high extracellular Br or I concentrations . These results indicate that the BSSS-modified lysines do not participate directly in anion translocation, but that one of the lysines normally provides a positive charge that is necessary for substrate anion binding. This positive charge is removed by the BSSS treatment but can be replaced by lowering the extracellular pH. The results also provide insight regarding the halide selectivity ofthe maximal rate ofchloride-halide exchange : the native selectivity (Br >> I) is nearly abolished by BSSS treatment, which suggests that the selectivity results from the very strong binding of iodide to an outward-facing modifier site.
INTRODUCTION
THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 -1985 Red blood cell inorganic anion exchange is one of the most thoroughly characterized ion transport processes in nature (see Knauf, 1979) . The protein that catalyzes this anion exchange has been identified (Cabantchik and Rothstein, 1974x ; Ho and Guidotti, 1975 ; Passow et al ., 1975) as the 95,000-dalton integral membrane protein known as band 3 (Fairbanks et al ., 1971) . The arrangement of the band 3 polypeptide in the membrane is becoming increasingly well understood as a result of in situ proteolysis and chemical modification experiments (e .g ., Steck et al ., 1976 Steck et al ., , 1978 Mawby and Findlay, 1982 ; Brock et al ., 1983 ; . The protein consists of an NH2-terminal 43,000-dalton cytoplasmic domain and a COOH-terminal 52,000-dalton membrane domain (Steck et al ., 1976 (Steck et al ., , 1978 . The cytoplasmic domain is water soluble and is not believed to be necessary for the anion transport function of band 3 (Grinstein et al ., 1978 ; Lepke and Passow, 1976) . The membrane domain apparently consists of several membrane-crossing segments (Brock et al ., 1983 ; Jennings and Nicknish, 1984 ; Ramjeesingh et al ., 1984) ; little is known about the three-dimensional arrangement of these segments .
Beginning with the work of Passow (1969) , numerous studies have shown that chemical modification of amino groups causes inhibition of red cell anion transport. Among the amino group-reactive agents that irreversibly inhibit band 3-mediated anion exchange are 2,4-dinitrofluorobenzene (Passow, 1969 ; Knauf and Rothstein, 1971) , maleic anhydride (Obaid et al ., 1972) , trinitrobenzenesulfonate (Zaki et al ., 1971 ; Knauf and Rothstein, 1971) , isothiocyanobenzenesulfonate (Ho and Guidotti, 1975) , diiodosulfophenylisothiocyanate (Mawby and Findlay, 1982) , pyridoxal phosphate/borohydride (Cabantchik et al ., 1975) , formaldehyde/borohydride (Jennings, 1982) , phenylisothiocyanate (Sigrist et al ., 1980 ; Caccioia et al ., 1984) , and DIDS/H2DIDS (4,4'-diisothiocyanostilbene-2,2'-disulfonate/4,4'-diisothiocyanodihydrostilbene-2,2'-disulfonate) (Cabantchik and Rothstein, 1974x) . At least three different lysine residues have been chemically modified with resultant transport inhibition . These lysines have been localized in the primary structure relative to known in situ proteolytic cleavage sites (Fig . 1) . Lys a reacts at pH 7.4 with H2DIDS (Cabantchik and Rothstein, 1974b) , other arylisothiocyanates (Drickamer, 1976 ; Mawby and Findlay, 1982) , and 2,4-dinitrofluorobenzene (Rudloff et al ., 1983) . Lys b reacts with formaldehyde/borohydride (Jennings, 1982) and with H2DIDS at alkaline pH (Jennings and Passow, 1979) . A lysine in the same general region of the primary structure reacts with pyridoxal phosphate/borohydride (Nanri et al ., 1983) ; this lysine may be identical to Lys b. Both Lys a and Lys b are accessible from the extracellular water; when the single bound H2DIDS molecule reacts with both these lysines, it produces a covalent intramolecular cross-link between the two chymotryptic fragments (Jennings and Passow, 1979) . A third reactive lysine, Lys c, is in a 8,000-10,000-dalton peptic fragment (Kempf et al ., 1981) . This residue is probably located near the intracellular surface of the membrane (Brock et al ., 1983) and reacts with phenylisothiocyanate under conditions in which transport is inhibited (Sigrist et al ., 1980) .
Although it is very clear that these amino group modifications inhibit transport, the functional roles of lysine residues in the anion exchange process are not understood . With one exception, the above chemical modifications introduce negative charge and/or bulky aromatic rings into the protein. The modifications could therefore block transport, even though the lysines themselves may have no essential role in the process. There is now good evidence from two laboratories that some of the positive charge at the extracellular substrate binding site is provided by one or more arginine residues (Wieth et al ., 1982a, b; Bjerrum et al ., 1983 ; Zaki, 1981) . In fact, the extracellular pH dependence (pH > 7) of the chloride self-exchange flux can be interpreted as resulting from the titration of two arginine side chains (Wieth and Bjerrum, 1982) . If this is the correct interpretation, then the state of protonation of outward-facing lysine residues has no effect on the anion flux . by intracellular trypsin (T ;) (Steck et al ., 1976) , extracellular chymotrypsin (C.) (Cabantchik and Rothstein, 1974b) , and extracellular papain (P .) are indicated. There are two additional papain cleavage sites very close to Co . Lys a and Lys b are the two lysines that react covalently with the single bound H,DIDS molecule (Jennings and Passow, 1979) .
In order to understand more fully the role of the exofacial lysine residues in band 3-catalyzed anion exchange, we have employed chemical modification with the active ester cross-linker bis(sulfosuccinimidyl)suberate (BSSS), which was developed by Staros (1982) as an impermeant probe of membrane protein subunit interactions . Staros and Kakkad (1983) showed that BSSS forms both inter-and intramolecular cross-links at the outer aspect of band 3. In this paper, we show that the intermolecular cross-link has no detectable effect on anion transport and that the intramolecular cross-link is probably between Lys a and Lys b. Unlike HIDIDS, BSSS does not introduce a bulky, negatively charged mass into the protein (Fig . 2) . We have found that anion exchange catalyzed by the BSSSmodified band 3 is not completely inhibited, and thus the function of the modified protein can be characterized. The results indicate that neither of the BSSSmodified lysines (at the stilbene disulfonate site) participates directly in the ion translocation, but that the positive charge normally provided by one of the lysines does appear to be necessary for monovalent anion exchange . Moreover, one of the BSSS-reactive lysines at the stilbene disulfonate site is necessary for the outward-facing "modifier" site at which extracellular bromide or iodide inhibits the exchange of intracellular chloride for extracellular halide (Gunn and Frohlich, 1979 ; Wieth and Bjerrum, 1982) . This modifier site is largely responsible for the selectivity (Br >> I) of the maximum rate of Cl-halide heteroexchange .
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MATERIALS AND METHODS

Materials
Human red blood cells (EDTA anticoagulant) were obtained from the Lipid Research Laboratory or the DeGowin Blood Donor Center of The University of Iowa. Cells were used after at most 4 d of storage as packed cells in plasma at 4°C . ['H]H2DIDS was prepared as described previously Uennings et al ., 1984) . BSSS was synthesized as described by Staros (1982) Cells were washed three times in 10 vol of 150 mM KCI, 10 mM Na-phosphate, pH 7.4' (PBK 7 .4), and resuspended at 50% hematocrit in the same medium containing 0-5 mM FIGURE 2. Comparison of BSSS (left) and H2DIDS (right), each reacting with two primary amines to produce a covalently cross-linked product . freshly dissolved BSSS. After a 1-h incubation at 37°C, the reaction was terminated by adding 10 vol of 50 mM glycine in PBK 7.4. The cells were then washed three times in PBK 7.0 containing 0.2% bovine serum albumin (BSA). After each resuspension, the cells were incubated for 10 min at 22°C to allow the intracellular pH to equilibrate with the pH 7.0 medium. Then the cell pellet was resuspended in 0.5 cell volumes of PBK 7 .0 containing 0.2% BSA and 2,uCi "Cl/ml . After an incubation of at least 5 min at 22°C, the cells were packed by a 1-min centrifugation in a microfuge, and the "Cl efflux was initiated by resuspending 0.1 ml of packed cells in 5 ml of the media specified in the figure legends . The flux media were ice-cold (<O .1°C, and the tracer efflux was measured in a cold room . Aliquots of suspension were centrifuged at 30-s intervals and "Cl radioactivity in 0.5 ml of supernatant was measured by liquid scintillation counting . This radioactivity was compared with that (cpm') of 0.5 ml of a lysate of suspension in 10% trichloroacetic acid; the rate constant for the tracer efflux was calculated from a plot of -ln[I -(cpm/cpm')] vs. time.
In the experiments in which extracellular pH was varied, the intracellular pH remained constant at 7.0 ± 0.1 . This was verified by lysing aliquots of packed cells at the end of flux experiments carried out at extracellular pH 4 and 10. No special precautions were ' All pH values represent the pH of the solution measured at 22°C. taken to remove COs ; the durations of the experiments at 0°C were not sufficient to allow significant intracellular pH shifts . Phenylglyoxal modification of the BSSS-treated cells was carried out by a procedure adapted from Bjerrum et al . (1983) . Packed cells (in PBK 7 .4) were resuspended in 5 vol of 100 mM Na-phosphate, pH 10, containing 10 mM phenylglyoxal . After a 1-min incubation at 25°C, a 10-fold excess of 150 mM KCI, 10 mM Na-phosphate, pH 6, was added to quench the reaction and return the extracellular pH to neutrality . The cells were then washed and equilibrated with PBK 7.0 plus 0.2% BSA and loaded with "Cl as described above.
Enzyme/H2DIDS Treatment and Gel Electrophoresis
After pretreatment with BSSS ( Fig . 5 ), intact cells were treated for 1 h at 37'C, pH 6, with 1 mg/ml papain that had been activated with 2 mM cysteine . After the papain treatment, cells were washed twice and treated with endo-fl-galactosidase, and membranes were isolated, treated with trypsin, alkali-stripped, and analyzed by gel electrophoresis, all as described previously . ['H]H2DIDS incubation after BSSS pretreatment was with 8 kM ['H]H2DIDS, in 150 mM NaHC03, pH 9, for 1 h, 37°C, followed by two washes in 150 mM NaHC09, 0.2% BSA. Membrane isolation, gel electrophoresis, and determination of radioactivity in gel slices were as described previously (Jennings, 1982) . Staros and Kakkad (1983) first showed that BSSS, acting on intact cells, forms both intermolecular and intramolecular cross-links in band 3 (Fig . 3) . Subsequent work in our laboratory (Jennings and Nicknish, 1985) showed that the reversibly binding stilbene disulfonate DNDS (Barzilay et al ., 1979 ; Frohlich, 1982) can block the intramolecular, but not the intermolecular, BSSS cross-link . Fig. 4 shows that, conversely, BSSS pretreatment can completely prevent irreversible attachment of [sH]H2DIDS to band 3. Intact cells were incubated at pH 7 .4 in the presence of no additive, BSSS alone, or BSSS and DNDS together . The cells were then washed and incubated with [sH]H2DIDS . Membranes were isolated and solubilized, and the protein was separated by gel electrophoresis. In control cells, as expected, the counts were localized mainly in band 3 (Cabantchik and Rothstein, 1974a) . In the cells treated with BSSS alone, the irreversible H2DIDS binding to band 3 was <2% of that in the control cells. In the cells treated with BSSS plus DNDS, the total H2DIDS binding was somewhat reduced and was localized to the region of the gel that corresponds to the band 3 dimer. This indicates that it is the intramolecular BSSS cross-link, not the intermolecular cross-link, that prevents covalent H2DIDS binding.
RESULTS
BSSS Prevents Irreversible H2DIDS Binding
In the experiment in Fig. 4 , aliquots of cells were removed before the [sH]-H2DIDS binding measurement for assay of band 3-mediated anion exchange ("Cl efflux at 0°C into a phosphate-buffered isotonic KBr medium at pH 7) . The same BSSS treatment that completely prevented irreversible H2DIDS binding only partially (65%) inhibited anion exchange measured under these conditions. The residual flux in the BSSS-treated cells was not a nonspecific leak ; the flux had characteristics that indicated that it was catalyzed by the modified band 3 (see below) . Thus, although >95% of the copies of band 3 reacted with BSSS FIGURE 3. Intermolecular and intramolecular cross-links in band 3 formed by BSSS (Staros and Kakkad, 1983) . The 60,000-dalton and 35,000-dalton chymotryptic fragments are indicated. . Cells were incubated with or without BSSS, then washed in 150 mM NaHCOs and incubated at pH 9 in 8 uM [3H]H2DIDS for 1 h, 37°C. Membranes were then isolated, solubilized, and separated on a 5-12% gradient polyacrylamide gel (0 .1% sodium dodecyl sulfate) . The distribution of radioactivity over the top half of each lane is shown; the remainder of the gel contained only a small amount of radioactivity, which migrated with the tracking dye . The band 3 monomer is centered at slice 18, the dimer at slice 8. For the data designated BSSS/DNDS, the BSSS incubation was carried out in the presence of 1 mM DNDS. (Top) Effect of the same pretreatments on the rate constant (k) for SCI efflux into a 140 mM KBr medium, 0°C, buffered at pH 7 .0 with 10 mM phosphate .
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at the stilbene disulfonate site, the CI-Br exchange at pH 7 was not completely inhibited .
About half the inhibition of transport by BSSS was prevented by the presence of DNDS during the BSSS treatment, just as the DNDS partially protected the H2DIDS binding site from covalent reaction with BSSS . Therefore, the inhibition of anion exchange appears to be related to BSSS modification of the stilbene disulfonate site . In contrast, the intermolecular BSSS cross-link is not affected by DNDS (Jennings and Nicknish, 1985) , which suggests that the intermolecular cross-link has no effect on anion exchange .
We showed previously (Jennings and Nicknish, 1985) that the intermolecular BSSS cross-link involves a lysine residue that is within four residues of the extracellular chymotrypsin cleavage site . The covalent dimers formed by the BSSS can be cleaved back to monomers by extracellular papain, because papain cleaves the polypeptide on both sides of the cross-linked lysine residue (see Jennings and Nicknish, 1985) . The BSSS cross-links that remain after extracellular papain digestion are therefore intramolecular . Fig. 5 shows that the intramolecular BSSS cross-link is between the same major papain fragments that are cross-linked by H2DIDS . Cells were incubated at pH 7.4 in the presence or absence of 5 mM BSSS, then washed and incubated with papain, followed by endo-,B-galactosidase to remove much of the band 3 carbohydrate (Mueller et al ., 1979) . Membranes were isolated, treated with trypsin to remove the cytoplasmic domain, alkali-stripped to remove peripheral proteins (Steck and Yu, 1973) , and then analyzed by gel electrophoresis. The band 3 fragments of 28, 17, and 7 kD are indicated. The 28-kD and 7-kD fragments are weakly stained and tend to aggregate. BSSS cross-links the 28-kD and 17-kD fragments to produce a new major band at^-45 kD . The same two fragments are cross-linked to each other by H 2DIDS . This finding, and the fact that BSSS completely prevents covalent H2DIDS binding (Fig . 4) , suggest that BSSS and H2DIDS cross-link the same two lysine side chains .
Activation of Cl-Br Exchange by Extracellular H+
Chloride self-exchange in red cells is inhibited by lowering the extracellular pH below 7 (Wieth et al ., 1982a ; Milanick and Gunn, 1982) . Not surprisingly, Cl-Br exchange has a similar dependence on extracellular pH (Fig. 6) . BSSS pretreatment at pH 7.4 dramatically changes the pH dependence of the transport. The Cl-Br exchange in the treated cells is^-95% inhibited when the flux is assayed at an extracellular pH above 8 . Lowering the extracellular pH (at a constant intracellular pH of 7) activates the flux by a factor of 15 to a maximum between pH 5 and 6 . At pH 6, the flux is equal to the control flux . As mentioned previously, the proton-activated Cl-Br exchange in the BSSS-treated cells is not a nonspecific leak : exposure of the BSSS-treated cells to 10 mM phenylglyoxal at extracellular pH 10 for 1 min, followed by extensive washing at pH 7, causes 80% inhibition of the acid-activated CI-Br exchange flux (Fig . 6, triangle) . Thus, although all copies of band 3 have an intramolecular BSSS cross-link at the 660 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 -1985 stilbene disulfonate site, phenylglyoxal is still able to modify an essential arginine residue (Wieth et al ., 1982a) and inhibit the transport. We have also found that phloretin (40 uM) inhibits the Cl-Br exchange in the BSSS-treated cells by 90% . Phloretin similarly inhibits Cl-Cl exchange in native red cells (Wieth et al ., 1973) .
Finally, lowering the extracellular pH from 5 to 4 strongly inhibits the anion exchange, which suggests that the extracellular H+ titration (pK 5) on band 3 that inhibits monovalent anion exchange in native cells (Wieth et al ., 1982a ; Milanick and Gunn, 1982) is also effective in the BSSS-modified cells. These Since the Cl-Br exchange flux at extracellular pH 6 in the BSSS-treated cells is similar to the control flux, we chose this pH for an examination of the effects of BSSS on some of the kinetic characteristics of Cl-Br exchange . As in Fig. 6 , the intracellular pH was 7 during the flux, and the BSSS pretreatment was at pH 7 .4. Fig. 7 is a plot of the rate of Cl-Br exchange as a function of extracellular Br concentration (varied at the expense of gluconate) . As we found previously 66 1 (Jennings, 1982) , the KIi2 for extracellular Br in control cells is^-8 mM in a gluconate medium; BSSS increases the K112 to^-25 mM . Thus, the apparent affinity for extracellular substrate is reduced by a factor of^-3. Gunn and Frdhlich (1979) showed that extracellular Br at concentrations above 30 mM inhibits Cl-Br exchange; that is, the extracellular bromide inhibits its own influx . We found similar inhibition by extracellular Br, although at 0 kCI-er (miril) 0.8 0.4 0 FIGURE 6. Effect of extracellular pH on the rate constant (°kc ,_ Br) for "Cl efflux into 140 mM KBr, buffered with 10 mM gluconate, phosphate, and borate at pH 4-10. Control cells (solid circles) were equilibrated with 150 mM KCI (extracellular pH 7) and loaded with tracer immediately before the efflux measurement. BSSSpretreated cells (squares) were incubated 1 h, 37°C, pH 7.4, in 150 mM KCl medium containing 5 mM BSSS, and then washed and equilibrated with pH 7 medium and loaded with tracer. The triangle refers to cells treated with 10 mM phenylglyoxal, pH 10, after the BSSS, with the flux subsequently measured at extracellular pH 6 as for the other cells . Each data point represents the mean of two efflux measurements (four time points each) performed on each of at least two preparations of cells. For each data point, the standard error of the mean is not more than 16% . somewhat higher concentrations than those used by Gunn and Frdhlich (1979) . With BSSS-treated cells, however, there was no evidence that high Br concentrations are inhibitory (Fig. 8) . This effect of BSSS on self-inhibition was even more dramatic for the exchange of intracellular Cl for extracellular iodide (Fig. 9) . In control cells, rather low concentrations of extracellular iodide inhibited CI-I exchange. This finding is in qualitative agreement with the work of Dalmark (1976) , who found that iodide has a higher affinity than the other halides for the modifier site. In the BSSS-treated cells, there was no self-inhibition over the 662 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 -1985 FIGURE 7 . Effect of BSSS on the activation of 16 CI efflux by extracellular Br. Cells were pretreated with or without BSSS and loaded with "Cl exactly as in Fig. 6 , and the tracer efflux was measured at 0°C into 150 mM K gluconate media in which varying amounts of KBr were substituted for the gluconate . All media were buffered at pH 6 with 10 mM phosphate . Each data point represents the mean of two measurements on one (control) or two (BSSS-pretreated) preparations ofcells . SEMs are 5-13%. concentration range examined . Because of the lack of self-inhibition, the Cl-1 exchange flux was much higher in the BSSS-treated cells than in control cells. Also, the K,i2 for extracellular iodide was much larger in the BSSS-treated cells. This could be the result of a true change in affinity of the transport site for iodide, but much of the effect could be the result of removal of self-inhibition . The same consideration applies to the effect of BSSS on the K112 for extracellular bromide . Cells were pretreated and loaded with tracer as in Figs. 6 and 7, and the tracer flux was measured in a hypertonic medium containing 70-280 mM KBr, varied at the expense of gluconate . All media were buffered at pH 6 with 10 mM phosphate . The shrinkage of the cells in the hypertonic medium has no effect on monovalent anion exchange (Funder and Wieth, 1976) . Each data point represents the mean of three to six measurements; SEMs are 4-14%. As is true for the inhibition of Cl-Br exchange assayed at alkaline or neutral pH, the acceleration by BSSS of Cl-l exchange (flux measured at pH 6) is a consequence of BSSS modification of the stilbene disulfonate site. This was demonstrated (Fig. 10) by incubating cells at pH 7.4 in 0.5 mM BSSS in the presence or absence of 1 mM DNDS. The DNDS prevents much of the acceleration ofthe Cl-1 exchange (flux measured at extracellular pH 6) and also prevents the inhibition of the CI-Br exchange (flux measured at pH 8). Protection by DNDS of BSSS inhibition of Cl-Br exchange (measured at extracellular pH 8) and acceleration of Cl-1 exchange (measured at extracellular pH 6). Cells were pretreated as above, except that the BSSS concentration was 0.5 rather than 5 mM. At the lower BSSS concentration, the protective effect of 1 mM DNDS is larger than in Fig. 6 . The data represent the means (± SEM) of two measurements on two separate preparations of cells .
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THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 -1985 DISCUSSION In these studies, we have shown that although BSSS irreversibly modifies at least two amino groups at the stilbene disulfonate site of human red cell band 3 protein, it does not cause total irreversible inhibition of band 3-mediated anion transport.' This has allowed us to study the characteristics of the transport in the modified cells and gain insight into the possible functions of lysine residues at the outer surface of band 3 . BSSS forms a covalent intramolecular cross-link between the same two papain fragments that are cross-linked by H2DIDS . The length of the BSSS cross-link is several angstroms shorter than that of H2DIDS (Fig. 2) , but, given the length and flexibility of lysine side chains, it is possible (and we believe likely) that BSSS and H2DIDS cross-link the same two residues . Our major conclusions are as follows.
(a) The two lysines at the stilbene disulfonate site that are cross-linked by BSSS are not absolutely necessary for transport . This is demonstrated by activation of the Cl-Br exchange flux to control levels at low extracellular pH (Fig. 6) , even though virtually all copies of band 3 have been irreversibly modified by BSSS . Although the lysine residues themselves are not absolutely required for Cl-Br exchange, BSSS does cause >90% transport inhibition when the flux is assayed at pH above 8. This inhibition is probably not caused by steric blockage of access to the transport pathway, because lowering the extracellular pH overrides the inhibitory effects of the irreversibly bound BSSS . The most reasonable explanation for the inhibition is that the positive charge normally provided by one of the lysines at the stilbene disulfonate site has a necessary role in the transport. This positive charge can apparently be replaced by lowering the extracellular pH.
(b) The modification of the lysines by BSSS lowers the apparent affinity of Br or I for transport sites and removes the self-inhibition at high extracellular Br or I concentration . Wieth and co-workers (Wieth et al ., 1982a ; Wieth and Bjerrum, 1982) have shown that self-inhibition of Cl-Cl exchange is reduced by raising the extracellular pH above 10 . They interpreted these results as evidence that an arginine residue is responsible for the self-inhibition . Here we have used an amino group-specific modification that eliminates self-inhibition of Cl-halide exchange by extracellular Br and I. This is direct evidence for the participation of at least one of the BSSS-modified lysine residues in the self-inhibition. We believe, therefore, that the extracellular titratable group (pK > 9) associated with anion exchange self-inhibition (Wieth and Bjerrum, 1982 ) is a lysine rather than an arginine residue.
(c) There are at least two extracellular H+-titratable groups (pK,, < 8) of functional significance in the BSSS-modified band 3. Previous evidence was consistent with a single titration in this pH range at the outer surface Gunn, 1982, 1984) , but in the BSSS-treated cells, there are both stimulatory and inhibitory H+ binding sites. In native band 3, protonation of the stimulatory site either does not occur in the pH range 4-7 or has no effect on the flux because the native positive charges are sufficient to provide an anion binding s In contrast, H2DIDS causes >98% irreversible inhibition of Cl-Br exchange (extracellular pH 4-7), measured exactly as in the experiments in Fig. 6. site . The inhibitory H' binding site in the native and treated cells is probably a carboxyl group (Wieth et al., 1982a) . The identity of the stimulatory H' binding site in the BSSS-treated cells is unknown. The apparent pKa for protonation of this site is suggestive of a histidine residue, but we have no direct evidence for the participation of histidines in the transport. The BSSS-modified residues themselves are not titratable in this pH range, unless there is very severe torsional strain on the amide group (Dunker, 1982) . It is unlikely that such strain could be caused by the flexible aliphatic chains on each side of the amide.
(d) Covalent intermolecular cross-linking of band 3 to a dimer has no detectable effect on anion transport. The evidence for this (Figs. 4 and 10) is that DNDS protects band 3 against two effects of BSSS: the inhibition of Cl-Br exchange (assayed at pH 7-8) and the acceleration of Cl-I exchange (assayed at pH 6) . DNDS does not prevent the intermolecular BSSS cross-link ( Fig. 4 ; see also Jennings and Nicknish, 1985) . Thus, the intermolecular cross-link is not responsible for the effects on transport. Because the intermolecular cross-link is formed much more slowly than the intramolecular cross-link, it is difficult to find conditions under which only intermolecular cross-links are present. Thus, we cannot rule out subtle effects of the intermolecular cross-link on anion transport. The major effects, however, are attributable to the intramolecular cross-link at the stilbene disulfonate site. This is consistent with the concept that although band 3 is a dimer (or tetramer) in the membrane, subunit rearrangements are not important steps in the catalysis of anion exchange (see Jennings, 1984) .
Which Lysine Residues Are Modified?
Given the reactivity of Lys a (see Passow et al., 1980) , it would be surprising if this residue were not modified by BSSS under the conditions of our experiments. Our data suggest that Lys b is the other residue at the stilbene disulfonate site modified by BSSS, but this is not yet certain . The intramolecular BSSS crosslink definitely involves an extracellular lysine in the COOH-terminal 28,000-dalton papain fragment, and the BSSS intramolecular cross-link completely prevents covalent H2DIDS binding (Figs. 4 and 5) . Further evidence that BSSS reacts with Lys b is that BSSS pretreatment completely protects band 3 from the inhibitory effects of reductive methylation (two experiments not shown) . We previously showed that reductive methylation of Lys b inhibits Cl-Br exchange by^-75% (Jennings, 1982) . This inhibition persists even if the transport is assayed at extracellular pH 6. Thus, when the transport is assayed under these conditions, methylation of Lys b inhibits transport more than does modification with BSSS, which neutralizes the charge on the lysine . One possible explanation for this finding is that the methylated lysine may have a subtle steric effect on the conformational change associated with anion translocation, whereas the same lysine, if it is cross-linked by BSSS to Lys a, may be restrained in such a way as to prevent any steric interference with transport.
Relation to Previous Work
As stated above, we have interpreted the pH dependence of the anion exchange in BSSS-modified cells as evidence that one of the modified lysines normally provides the positive charge that is necessary for anion exchange . If this is correct, why is the Cl-Cl exchange flux (at 165 mM Cl) nearly independent of extracellular pH, up to pH 11 .5 (Wieth and Bjerrum, 1982) ? One possibility is simply that the pKa of the lysine side chain at 0°C in a chloride medium is >1 1 . Kampmann et al. (1982) have estimated that the pKa of Lys b at 37'C is -10.0. The enthalpy of ionization of lysine side chains in proteins is usually 10-12 kcal/ mol (Cohn and Edsall, 1965) . Thus, a pKa of 10 at 37°C corresponds to a pKa of 1 I at 0°C . Also, the pKa estimated by Kampmann et al. (1982) applies to the protein in the presence of H2DIDS bound covalently to Lys a . The extracellular pH dependence of the Cl-Cl exchange flux (Wieth and Bjerrum, 1982) reflects the titration of the protein with a chloride ion bound at the outward-facing transport sites In both cases, the bound anion should raise the pKa, but the quantitative effects may not be comparable. Thus, the existing data on the pH dependence of monovalent anion exchange are not inconsistent with our suggestion that a lysine residue provides an essential positive charge near the outwardfacing transport site. It should be emphasized that the effects of pH on the anion flux may not result solely from direct electrostatic interactions; allosteric effects on the conformation of the protein may also be important .
Our evidence for functionally important lysine residues is not at variance with the chemical modification studies (Wieth et al., 1982a, b; Zaki, 1981) that have indicated that one or more arginine residues are necessary for anion transport by band 3. We do disagree with the hypothesis that the modifier site necessarily involves an arginine (see above), but we believe it is quite likely that an arginine is necessary for anion binding at the extracellular transport site . In fact, our data (Figs. 6 and 9) strengthen the evidence for an essential arginine: phenylglyoxal inhibits the transport (measured at pH 6) irreversibly in BSSS-pretreated cells. Therefore, under conditions in which extracellular amino groups have been modified, the phenylglyoxal still inhibits transport, which implies that the inhibition is unlikely to be the result of a side reaction between phenylglyoxal and a lysine residue .
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